Abstract. Protein kinase CK2 is a highly conserved serine/ threonine kinase ubiquitously distributed in all investigated eukaryotes and involved in several intracellular pathways which control, among others, cell cycle, proliferation, apoptosis and transformation. Similarly, the PI3K-AKT pathway deregulation has been shown to play an important role in tumor development and tumor response to anti-cancer treatment. In this study, it is shown that the specific inhibition of the PI3K-AKT signaling pathway in combination with depletion of CK2 subunits by antisense oligodeoxynucleotides leads to an enhanced drug-induced apoptotic response. Moreover, in vitro as well as in vivo studies show that the individual CK2 subunits interact with AKT kinase and that the complex formation is not modulated by the phosphorylation status of AKT. Furthermore, the fact that the interaction between CK2 subunits and AKT enhances AKT kinase activity identifies a novel molecular mechanism that leads to modulation of AKT activation raising the possibility that CK2 and AKT might be implicated in common pathways that control cell proliferation and survival.
Introduction
Protein kinase CK2 is a serine/threonine kinase ubiquitously distributed and highly conserved among all the organisms investigated so far. It is composed of two catalytic subunits · and/or ·' and two regulatory subunits ß. The level of CK2 and kinase activity are elevated in solid tumors as well as in highly proliferative tissues (reviewed in ref. 1) . CK2 has been detected in virtually all cellular compartments and in association with specific structures e.g., the plasma membrane, the Golgi apparatus, ribosomes etc. (reviewed in ref. 2) . Because of the broad spectrum of proteins interacting with either the CK2 holoenzyme, the CK2 catalytic subunit and the CK2 regulatory subunit or that are phosphorylated by this kinase, it may not be surprising that CK2 is implicated in several cellular functions. CK2 is involved in cellular growth, cell cycle progression, cell transformation and apoptosis. The creation of transgenic mice carrying deregulated expression of CK2-subunits has shown to be an effective way to study the cellular consequences of CK2 altered expression (3) (4) (5) (6) (7) . Moreover, the effect of CK2 subunits depletion has also been extensively studied. The suppression of CK2 catalytic subunits expression achieved through the use of antisense oligodeoxynucleotides techniques and/or the utilization of specific CK2 inhibitors has provided strong evidence that CK2 promotes cell growth, negatively modulating the apoptotic response of cells exposed to compounds known to induce cell death (reviewed in ref. 1) .
The phosphatidylinositol 3-kinase (PI3K)/AKT signal transduction pathway has been shown to be central in many intracellular processes such as the insulin-dependent metabolic cell response, cell survival, proliferation, angiogenesis and motility (reviewed in ref. 8) . The stimulation of membrane receptors by growth factors such as insulin-like growth factor-1 (IGF-1) and platelet-derived growth factor (PDGF) activates PI3K allowing the localization of phosphatidylinositoldependent kinase 1 (PDK1) at the cell membrane via its pleckstrin homology (PH) domain (reviewed in ref. 8) . The concomitant translocation and subsequent binding of AKT kinase from the cytoplasm to the inner surface of the plasma membrane leads to PDK1-mediated AKT phosphorylation and activation. Mammalian AKT family members comprise three isoforms (AKT1, 2, 3) highly conserved throughout evolution but differently expressed at both the mRNA and protein levels (reviewed in ref. 9) . In vitro and in vivo experiments have revealed that active AKT is a phosphoprotein and although Thr308 and Ser473 on AKT1 have been shown to be the primary regulatory phosphorylation sites, different research groups have identified a number of phosphorylation sites with putative regulatory significance (9) . The search for substrates of AKT has led to the identification of several components of the apoptotic machinery, giving rise to the idea that AKT is a key element in the regulation of cell survival (10) (11) (12) (13) . The notion that AKT and, in general, the PI3K pathway are involved in the regulation of uncontrolled cell proliferation has been strengthened by the fact that the PI3K pathway is negatively regulated by PTEN, a dual-specificity lipid and protein phosphatase considered to be a tumor suppressor gene product (14) . Many of the proteins that are targeted by AKT are not strictly substrates for AKT kinase but rather proteins that interact with this kinase modulating AKT kinase function and activity (reviewed in ref. 15 ). Interestingly, several AKT-interacting proteins are protein kinases. PDK1 kinase, which targets AKT for phosphorylation at the cell membrane is also an AKT binding protein (16) . In keratinocytes, keratin K10 sequesters PKC˙in complex with AKT to the keratin cytoskeleton maintaining both kinases in an inactive state inducing cell cycle arrest (17) .
Although PDK1-dependent activation of AKT has been extensively studied, the aim of the present study was to investigate whether additional pathways might control the activity of AKT in cells. Moreover, the fact that CK2 and AKT play important roles in cell survival and are both negative regulators of programmed cell death, suggested a possible link between these two protein kinases.
Here, it is reported that inhibition of the PI3K pathway induced by wortmannin, a fungal metabolite, enhances the nocodazole-induced apoptotic response of cells depleted of CK2 subunits. Heterocomplex formation between AKT and CK2 subunits occurs in vitro and in vivo and enhances the kinase activity of AKT. The physical association of AKT with CK2 and the observation that CK2 subunits enhance the kinase activity of AKT raise the possibility that CK2 might act in concert with AKT in signaling pathways that promote proliferation and protect cells from apoptosis.
Materials and methods
Cell culture and treatments. The GV10.15 cell line stably expressing CK2ß-Myc was cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) in the presence of 10% fetal bovine serum (FBS), 460 μg/ml G418 (Gibco) and with or without 1 μg/ml Tetracycline (Sigma). HeLa and Cos-1 cell lines were grown in DMEM supplemented with 10% FBS. K562 and HL-60 cell lines were cultured in Roswell Park Memorial Institute medium (RPMI, Gibco) supplemented with 10% FBS and 2 mM L-glutamine. All cell lines were grown at 37˚C under a 5% CO 2 atmosphere. For the in vivo activation of AKT, cells were seeded and 24 h thereafter they were subjected to serum starvation for 24 h and then treated with 50 ng/ml IGF-1 (Calbiochem) for 15 min. The transient overexpression of proteins indicated in the figure legends was performed with the corresponding plasmids described elsewhere (18) using FuGene 6 reagent (Roche) following the manufacturer's recommendations. In the case of AKT activation, cells were transfected 24 h prior cell starvation. Where indicated, cells were incubated with 100 nM wortmannin (Sigma) 1 h prior to the induction of apoptosis by incubating HeLa cells with 400 ng/ml nocodazole (Calbiochem) for 24 h.
The depletion of cells of CK2 catalytic subunits was achieved by the antisense oligodeoxynucleotide technique (ASO) as described previously (19) . The additional silencing of CK2ß expression was achieved with the antisense CK2ß oligodeoxynucleotide sequence 5'-AGC TAC TCA TCT TTA TGT-3' (DNA Technology).
Antibodies. Proteins were detected using primary antibodies against the HA-tag (mouse monoclonal anti-HA antibody, HA.11 Covance), AKT (mouse monoclonal anti-AKT antibody, BD Transduction Laboratories), phospho-AKT(Thr308) (rabbit polyclonal anti-phospho-AKT antibody, Cell Signaling), phospho-AKT(Ser473) (mouse monoclonal anti-phospho-AKT antibody, 587F11 Cell Signaling), myc-tag (mouse monoclonal anti-Myc antibody, 9E10 Santa Cruz), CK2· (mouse monoclonal anti-CK2· antibody, 1AD9 Calbiochem), CK2ß (mouse monoclonal anti-CK2ß antibody, 6D5 Calbiochem), actin (mouse monoclonal anti-ß actin antibody, Sigma). Proteinantibody complexes were visualized by a chemiluminescence detection system following the manufacturer's guidelines (CDP-Star, Applied Biosystems).
Cell extracts, immunoprecipitation, and Western blot analysis.
Prior to harvesting, cells were washed twice in cold PBS, spun down and resuspended in lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM DTT, 1 mM Na 3 VO 4 , 30 mM ß-glycerophosphate, 10 mM NaF, 100 nM okadaic acid) containing a protease inhibitor cocktail (Roche). After sonication, cells were centrifuged at 4˚C for 30 min at 10000 x g. Whole cell extracts were then subjected to SDS-PAGE, Western blot analysis, protein kinase assay or immunoprecipitation experiments. Immunoprecipitation experiments were performed essentially as described previously (20) using 500 μg protein lysates and in the presence of either rabbit polyclonal anti-CK2ß serum, rabbit polyclonal anti-CK2· serum (both antibodies were obtained immunizing rabbits against the full-length proteins) or rabbit polyclonal anti-AKT antibody (Upstate Biotechnology).
Preparation of various recombinant human proteins.
Recombinant human CK2· and CK2 holoenzyme were expressed and purified essentially as described elsewhere (21) . Wildtype CK2ß was expressed in E. coli and purified to homogeneity as described previously (18, 22) . The recombinant human Drosophila homologue CK2·-Timekeeper (CK2· Tik ) was expressed and purified essentially as described in ref. 23 .
Protein kinase assays. CK2 activity assay was performed in a reaction mixture containing the CK2-specific synthetic peptide RRRDDDSDDD essentially as described previously (18, 19) .
AKT kinase assay was performed in vitro with human recombinant AKT1 using as a substrate either 1 μg histone 2B (H2B, Roche) or a 100 μM synthetic peptide (RPRAATF, Upstate Biotechnology) in an assay buffer containing 25 mM Tris/HCl pH 7.5, 30 mM ß-glycerophosphate, 10 mM MgCl 2 , 1 mM NaVO 4 , 20 mM NaF, 1 mM DTT, 50 μM ATP and 5 μCi[Á-32 P]ATP. Reaction mixtures were incubated at 30˚C for 30 min. Assays performed in the presence of histone 2B substrate were stopped by adding SDS-sample buffer. Samples were, thereafter, analyzed by SDS-PAGE. Radioactive bands were revealed by autoradiography. Assays performed in the presence of a synthetic peptide were stopped on ice and, immediately afterwards, spotted onto P81 phosphocellulose paper filters (Whatmann). Filters were washed three times with 0.75% (v/v) phosphoric acid and subsequently transferred into vials containing a scintillation cocktail. Radioactivity was quantified by scintillation counting (Hewlett-Packard). When AKT kinase assays were performed in the presence of CK2·, CK2·
Tik , CK2ß or CK2 holoenzyme, proteins were preincubated 30 min on ice with AKT prior performing the kinase assay. Alternatively, kinase assays with native AKT were performed after immunoprecipitation of AKT under the same conditions described above. Where indicated, H-89 dihydrochloride (Calbiochem) was used at 100 μM concentration, PKA inhibitor peptide (PKI- [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] -NH 2 , Upstate) and emodin (Calbiochem) were used at 1 μM and 20 μM concentration, respectively.
Flow cytometry analysis. Apoptosis was quantified by flow cytometry by determining the percentage of cells in subG1. Cells were trypsinized, combined with floating cells present in the medium and fixed in 70% ethanol overnight at -20˚C after extensive washing with phosphate-buffered saline (PBS). Fixed cells were then incubated for 30 min with 20 μg/ml propidium iodide (Sigma) and 40 μg/ml RNase (Roche) in PBS prior to analysis. Cells were analyzed by a FACSCalibur flow cytometer (Becton-Dickinson Biosciences). Data were analyzed by Cell Quest Pro Analysis software.
Results

Inhibition of the PI3K pathway potentiates the nocodazoleinduced apoptotic response of cells treated with CK2 antisense oligodeoxynucleotides (ASO).
In order to test the possibility that CK2 might act in synergism with AKT in protecting cells from apoptosis, HeLa cells were depleted of CK2 subunits by treatment with ASO directed against the catalytic ·/·' and regulatory ß subunits prior induction of apoptosis. As shown in Fig. 1 , cell treatment with ASO results in a drop of CK2 catalytic activity of about 50% (Fig. 1A) (19) and an intracellular depletion of CK2ß subunit (Fig. 1B) . The incubation of cells with CK2ß-ASO does not affect the expression of CK2 catalytic subunits (Fig. 1B) under the condition applied. As shown in Fig. 1C , the treatment of HeLa cells with nocodazole leads to enhanced apoptosis compared to control cells (Fig. 1C , bars 1 and 2). The depletion of cells from CK2 catalytic subunits with CK2·/·'-ASO leads to a consistent increase in the nocodazole-induced apoptotic response as reported previously (19) and as shown in Fig. 1C , bars 5 and 6. Additionally in this study, it is apparent that the treatment of cells with CK2ß-ASO (Fig. 1B) leads to a similar effect (Fig. 1C , bars 8 and 9) although the treatment of cells with CK2·/·'-ASO seems to be more effective than the one with CK2ß-ASO in enhancing the apoptotic response induced by nocodazole. The treatment of cells with ASO against CK2 evokes a consistent apoptotic response in a variety of different cell lines and suggests that their effect might be further enhanced by the combination with other factors e.g. inhibitors which block the activity of protein kinases involved in the apoptosis signalling. Recent studies have shown that wortmannin, a fungal metabolite, has a potent anti-tumor activity in vitro as well as in vivo promoting apoptosis by inhibiting PI3K with high selectivity (24) . As shown in Fig. 1 , the induction of apoptosis by nocodazole in cells pre-treated for 1 h with wortmannin leads to a 58.5% increment in the apoptotic response compared to cells treated with nocodazole only (Fig. 1C , bars 2 and 4) and to a 68.7% increment in the percentage of apoptotic cells treated with wortmannin only (Fig. 1C, bar 3) . Moreover, when cells are depleted of CK2 subunits by ASO and pre-incubated with wortmannin prior to the induction of apoptosis, a further consistent increase in the apoptotic response is observed. Cells depleted of CK2 catalytic subunits and pre-treated with wortmannin show a 35% increase in nocodazole-induced apoptosis compared to the corresponding control experiment (Fig. 1C , bars 6 and 7) while in the case of cells depleted of CK2ß, the pre-treatment with wortmannin leads to a 22% increase in apoptosis ( 
AKT interacts with CK2 subunits in vivo as well as in vitro.
Compounds which negatively regulate PI3K act through the so-called PI3K-AKT pathway. As in the case of CK2, AKT has been implicated in the modulation of cell proliferation and cell survival through phosphorylation of numerous substrate targets. Therefore, the ability of CK2 subunits to form stable complexes with AKT in vivo was assessed. The transient expression of HA-AKT and either of the CK2 subunits was induced by transfecting Cos-1 cells with the corresponding plasmid DNAs. To determine whether AKT associates with CK2, immnunoprecipitation experiments were performed using polyclonal anti-CK2· (Fig. 2A, lane 2) and polyclonal anti-CK2ß (Fig. 2A, lane 3) antibodies, respectively. Proteins were separated by SDS-PAGE and analyzed by Western blot and the membranes were then probed with the indicated antibodies. As shown in Fig. 2A , both polyclonal antibodies (i.e. anti-CK2· and anti-CK2ß) are able to co-precipitate AKT kinase. As expected, the immunoprecipitation performed with polyclonal anti-CK2· ( Fig. 2A, lane 2) and polyclonal anti-CK2ß ( Fig. 2A, lane 3) antibodies leads to the co-precipitation of either endogenous CK2ß and endogenous CK2·. Next, formation of the AKT-CK2 complex was verified by immunoprecipitation with a polyclonal anti-AKT antibody (Fig. 2B ). Cells transfected with either HA-AKT and CK2· (Fig. 2B , lane 2) or HA-AKT and CK2ß-MycHis (Fig. 2B, lanes 1 and 3) plasmids, were subjected to immunoprecipitation and proteins were analyzed as described above. Results shown in Fig. 2B , indicate that AKT seems to interact with the CK2 holoenzyme although there might be a preferential interaction with CK2ß. According to the intensity of the detected bands, while the amount of CK2· interacting with AKT does not change whether CK2· is overexpressed (lane 2) or endogenous (lane 3), the total amount of CK2ß in complex with AKT is higher in lane 3. Thus, if AKT interacted exclusively with CK2 holoenzyme one would expect to detect a higher amount of CK2· in lane 3 than in lane 2.
To verify whether AKT-CK2 complex formation also occurs in cells not transiently overexpressing AKT or CK2, lysates from K562 and HL-60 cells were subjected to immunoprecipitation with polyclonal anti-CK2ß antibody (Fig. 2C) . The immunoprecipitates were analyzed by Western blot performed after protein separation by SDS-PAGE and probed with the indicated antibodies (Fig. 2C) . Results obtained using the indicated cell lines show that the complex formation between AKT and CK2 occurs under physiological conditions. Next, it was verified whether the interaction between AKT and CK2 subunits occurs also in vitro (Fig. 3) . Equimolar amounts of either purified recombinant AKT and CK2· (Fig. 3 , lane 2), AKT and CK2ß (Fig. 3, lane 3) or AKT and CK2 holoenzyme (Fig. 3, lanes 1 and 4) , were subjected to immunoprecipitation with polyclonal anti-AKT antibody. The interaction of CK2 subunits with AKT leads to enhanced AKT kinase activity. In order to assess whether the interaction of CK2 with AKT might have an effect on AKT kinase activity, an in vitro kinase assay was performed where 1 pmol AKT was incubated with increasing amounts of purified recombinant CK2ß (i.e. from 0.5 pmol up to 10 pmoles, Fig. 4A, lanes 4-8) and tested for its ability to phosphorylate histone 2B, a protein routinely used for determining AKT kinase activity. Proteins were resolved by SDS-PAGE and the phosphate incorporation on histone 2B revealed by autoradiography. As shown in Fig. 4A , AKT-catalyzed histone 2B phosphorylation is enhanced (the signal intensity of the band shown in lane 8 is estimated to be about 4-fold higher than the one shown in lane 3) in the presence of increasing amount of CK2ß. Although a slight AKT-activating effect is also observed in the presence of 10 pmoles BSA (Fig. 4A, lane 3) , the experiment nevertheless clearly shows that the presence of CK2ß upregulates AKT kinase with respect to histone 2B phosphorylation. Results shown in Fig. 4B indicate that the presence of recombinant CK2· exerts a similar effect inasmuch as the kinase activity of AKT increases (the signal intensity of the band shown in lane 8 is estimated to be about 2.5-fold higher than the one shown in lane 3) with the concomitant increase of CK2·. A kinase assay performed in the presence of AKT and CK2 holoenzyme revealed that the CK2 holoenzyme but not CK2· was able to phosphorylate a contaminant protein present in the histone 2B preparation (it is well-known that CK2ß mediates not only the interaction between the catalytic subunits but also the selectivity towards some CK2 substrate targets) with a molecular mass very similar to the histone 2B making it difficult to evaluate AKT-catalyzed histone 2B phosphorylation (results not shown). An AKTkinase assay using a synthetic peptide as AKT substrate (Fig. 4C) was therefore used. The experiment was performed in the presence of AKT and either increasing amounts of CK2 holoenzyme (Fig. 4C, open bars) or, for comparison, CK2· (Fig. 4C, solid bars) , respectively. The kinase assay confirmed that CK2· enhances the AKT kinase activity while the presence of CK2 holoenzyme does not lead to an effect of the same extent.
A further indication that the presence of the individual CK2 subunits and not the CK2 holoenzyme plays a major role in the regulation of AKT kinase is shown in Fig. 4D . A control experiment was performed where AKT kinase activity was measured in the presence of either CK2· (bars 5 and 6) and CK2 holoenzyme (bars 9 and 10) and in the presence (bars 6 and 10) or absence (bars 5 and 9) of AKT synthetic peptide, respectively. Results indicate that while the increased AKT kinase activity in the presence of CK2· is a specific AKT-upregulation (compared to the control experiment indicated in bar 1) measured by the specific AKT-catalyzed phosphorylation of the synthetic peptide (Fig. 4D, bar 6) , the same conclusion cannot be drawn in the case of the CK2 holoenzyme (Fig. 4D , bars 9 and 10) indicating that the CK2 holoenzyme does not influence to the same extent as the individual CK2 subunits the activity of AKT. Fig. 4D shows also control experiments: bar 2 refers to AKT incubated in a reaction mix in the absence of AKT peptide substrate while bars 3 and 7 refer to CK2· and CK2 holoenzyme, respectively, incubated without AKT and AKT peptide substrate. Bars 4 and 8 refer to CK2· and CK2 holoenzyme, respectively, incubated without AKT and in the presence of AKT peptide substrate. Bars 11 and 12 refer to AKT incubated with CK2· and CK2 holoenzyme, respectively, in the presence of AKT substrate peptide and H-89 a known inhibitor of AKT but not of CK2 (25) . The analysis of the collected data confirm the observation that the enhanced AKT kinase activity seen in the presence of CK2 holoenzyme is only partially due to the specific phosphorylation of the synthetic peptide by AKT.
Given the fact that the presence of CK2 subunits enhances to similar extent the kinase activity of AKT, it was assessed whether or not the observed effect was dependent on CK2· catalytic activity. Human recombinant CK2· was mixed with human recombinant AKT1 and the degree of AKT activation was compared to the one in the presence of a variant of CK2· called Timekeeper (CK2· Tik ). CK2· Tik kinase activity is severely impaired by the presence of two point mutations i.e. Met161Lys and Glu165Asp (Fig. 5A) (23, 26) . As shown in Fig. 5B , the AKT1-catalyzed phosphorylation of histone 2B in the presence of either CK2· or CK2·
Tik is comparable indicating that the interaction of CK2· with AKT plays a role in the modulation of AKT kinase activity in vitro.
The modulation of AKT activity by CK2 subunits was also determined in vivo using two different cell models. Cells overexpressing CK2ß-Myc in a tetracycline-regulated manner were transfected with HA-AKT. After 24 h from initial transfection, the cells were incubated for 24 h in serum-free medium. AKT activation was induced, where indicated, by adding IGF-1 as described under Materials and methods. Lysates from cells expressing active AKT only (Fig. 6A,  lane 1) or active AKT and CK2ß-Myc (Fig. 6A, lane 2) were subjected to immunoprecipitation experiments in the presence of polyclonal anti-AKT (Fig. 6A, lane 1) and polyclonal anti-CK2ß (Fig. 6A, lane 2) antibodies, respectively. As shown in Fig. 6A , the phosphorylation of histone 2B by HA-AKT in the anti-AKT immune complex (lane 1) is lower than the one observed by HA-AKT in the anti-CK2ß complex (lane 2). Considering the amounts of HA-AKT precipitated in the two experiments shown in Fig. 6A , it is apparent that the complex formation between AKT and CK2ß leads to enhanced AKT kinase activity. The activation of AKT kinase in the AKT/ CK2ß complex was confirmed by immunoprecipitation experiments performed in the presence of polyclonal anti-AKT antibody (Fig. 6B) . As for the previous experiment, coexpression of HA-AKT and CK2ß-Myc leads to increased histone 2B phosphorylation catalyzed by AKT in complex with CK2ß (lane 3). To rule out the possibility that the observed increased phosphorylation of histone 2B was not due to the presence of CK2· or cAMP-dependent protein kinase (PKA) non-specifically bound to the complex AKT-CK2ß, Cos-1 cells were subjected to immunoprecipitation essentially as indicated in Fig. 6A and B. It followed an AKT-kinase assay in the absence (Fig. 6C, lanes 1 and 2; Fig. 6D, lanes 1 and 2) and in the presence of emodin an effective inhibitor of CK2 (Fig. 6C, lane 3) (27), H-89 inhibitor (Fig. 6D, lane 3) or PKA inhibitor peptide (Fig. 6D, lane 4) , respectively. The presence of H-89 abolishes the AKT-catalyzed histone 2B phosphorylation while the presence of PKI- [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] -NH 2 [known to be the shortest synthetic PKI analog that inhibits PKA with the highest potency (K i value of 1.7 nM) (28)] and emodin does not change significantly the phosphorylation level of the AKT substrate target. The data reinforce the notion that the phosphorylation of histone 2B by AKT in complex with CK2ß might be specific.
AKT/CK2ß complex formation is not enhanced upon IGF-1-mediated AKT activation. Although experiments performed
in vitro indicate the ability of CK2 subunits to directly enhance the activity of AKT (Fig. 4) , one should not exclude the possibility that the induction of CK2ß overexpression in vivo could lead to stimulation of AKT-upstream mediators of the PI3K signaling pathway contributing to enhance AKT activity. The activation of AKT takes place at the plasma membrane where AKT is phosphorylated and thus stabilized at two residues: Thr308 and Ser473, the former targeted by PDK1 the latter by mTOR kinase (29) . In order to assess whether the expression of CK2ß enhances the activity of AKT-upstream kinases, the phosphorylation of AKT was verified by Western blot analysis using phospho-specific AKT antibodies as indicated in Fig. 7 . Results shown in Fig. 7A indicate that 1 and 2) or HA-AKT and CK2ß-MycHis (lanes 3 and 4) were stimulated with 50 ng/ml IGF-1 for 10 min as indicated in the figure. Cells lysates were separated by SDS-PAGE and proteins were analyzed by Western blot using the indicated antibodies. The phosphorylation of AKT was detected using rabbit polyclonal anti-phospho-AKT(Thr308) and mouse monoclonal anti-phospho-AKT(Ser473) antibodies as indicated. (B), Whole cell extracts from cells transfected as described in (A) were subjected to immunoprecipitation using a rabbit polyclonal anti-CK2ß antibody (lanes 2 and 3). Proteins were then analyzed as described above. A control experiment where cells transiently co-expressing active HA-AKT and CK2ß-MycHis were subjected to immunoprecipitation with control serum, is shown in lane 1.
the overexpression of CK2ß does not lead to enhanced PDK1/ mTOR kinase activity (Fig. 7A, lanes 2 and 4) .
As reported above, the fact that the activation of AKT (which follows cell stimulation with IGF-1) leads to AKT phosphorylation and stabilization of its active conformation, suggested to examine whether the phosphorylation status of AKT might influence its association with CK2ß. Immunoprecipitation experiments with cell lysates expressing CK2ß and AKT in the inactive (Fig. 7B, lane 2) and in the active (Fig. 7B, lanes 1 and 3) state, respectively, suggest that IGF-1-mediated AKT phosphorylation does not modulate the interaction between CK2ß and AKT in vivo.
Discussion
Although CK2 is traditionally considered to be an enzyme with a tetrameric structure, there is plenty of evidence indicating that in cells CK2 is present in a dynamic equilibrium with the individual subunits (reviewed in ref. 30 ). The crystal structure determination of human recombinant CK2 (31) has indeed reinforced this concept revealing that the CK2·/ß interface is relatively small if compared with the one typically observed in stable protein complexes. The literature has numerous examples where the individual CK2 subunits form stable complexes with other proteins and protein kinases (reviewed in ref. 30) . In this respect, it is interesting to note that the interaction of CK2 with other protein kinases does not lead always to the same effect (in terms of activation/ inhibition of the interacting protein kinase). While, for instance, the interaction of CK2ß with c-Mos inhibits c-Mos kinase activity (32) , the complex between CK2ß and the checkpoint kinase Chk1 upregulates Chk1 kinase activity (18) .
In this study, it is shown for the first time that CK2 interacts with AKT in vitro as well as in vivo. The complex formation with CK2 individual subunits seems to be more specific then the one with the CK2 tetrameric form. This might explain the fact that the association between AKT and either CK2· or CK2ß markedly enhances AKT kinase activity in vitro as well as in vivo (the latter demonstrated in the case of CK2ß overexpression in cells) while an effect to the same extent is not observed in the case of CK2 holoenzyme. In the latter case, in vitro experiments show that CK2 holoenzyme seems to have an effect (in terms of measured radioactivity) that is independent of the presence of AKT and AKT peptide substrate indicating that the observed activation of AKT by CK2 might be due, at least in part, to an unspecific detection of CK2 autophosphorylation (Fig. 4D) .
In order to demonstrate that the regulatory interaction between AKT and the individual CK2 subunits may have physiological relevance, two different cell lines were employed where AKT activity was measured after induction of CK2ß overexpression. Although the employment of protein kinase inhibitors selectively targeting AKT, CK2 and PKA (often found associated with AKT precipitates), respectively, confirms the data obtained in vitro, it cannot be completely excluded that a contaminant protein kinase, present in the immunoprecipitates, might contribute to the upregulation of AKT.
While this manuscript was in preparation, Di Maira et al (33) reported that protein kinase CK2 phosphorylates and upregulates AKT kinase. Although the data presented in this paper indicate that CK2·-dependent upregulation of AKT is independent from CK2· kinase activity, collectively these observations indicate that CK2 might play a pivotal role in the regulation of AKT activity through two distinct mechanisms: protein phosphorylation and protein-protein interaction. In this respect, a number of AKT-binding proteins have been identified in the last few years (reviewed in ref. 34) . Their ability to up-or down-regulate AKT kinase suggests that the modulation of AKT activity is not exclusively dependent on site-specific phosphorylation.
Various lines of evidence indicate that the deregulated CK2 expression in mammalian cells and in animal models increases the oncogenic potential of cells especially in cooperation with other factors such as c-Myc, Tal-1 and Ha-Ras (reviewed in ref. 30 ). In line with these observations, several studies have shown that the treatment of tumor cells with ASO directed against CK2 catalytic subunits causes a strong reduction in cell proliferation which correlates with an enhanced apoptotic response. Recently, through the use of a xenograft model of prostate cancer, it has been shown that a single dose of CK2·-ASO given directly to the xenograft tumor in the nude mouse was sufficient to resolve the tumor because of potent cell induction of apoptosis (35) .
Similarly, in the last 6-7 years accumulating evidence has clearly shown that uncontrolled activation of AKT either by gene amplification of AKT and/or AKT-upstream protein kinases or loss of PTEN, promotes tumor progression. AKT has been shown to be implicated in cell survival by delaying cell death and/or conferring resistance to cells treated with chemotherapeutic drugs, irradiation, ischemic shock etc. AKT positively regulates cell survival in different ways such as through the phosphorylation of intracellular proteins that are directly or indirectly implicated in the regulation of the apoptotic machinery, by indirectly regulating gene transcription, or by enhancing the degradation of pro-apoptotic proteins. An attractive idea is that AKT may play a prominent role in tumor progression or, more generally, in cell proliferation, acting in concert with proteins involved in survival pathways distinct from the PI3K-AKT one.
In this study, it is reported for the first time that the suppression of the PI3K-AKT pathway by cell treatment with wortmannin in combination with the depletion of cells of either CK2 subunits by ASO evokes a strong synergistic apoptotic response. The fact that the depletion of the individual CK2 subunits evokes an apoptotic response in cancer cells is in agreement with earlier studies (36) and, beside demonstrating the effect of deregulated expression of CK2, suggests that CK2 catalytic and regulatory subunits may negatively influence the apoptotic machinery in different ways; the former through protein-protein interaction and/or phosphorylation and the latter by protein association/dissociation.
The functional interaction between AKT and CK2 subunits provides additional insights into how the apoptotic machinery is regulated and underlines the importance of developing efficient strategies (e.g. design of inhibitors with high selectivity and novel approaches for an efficient delivery of small interfering molecules) to directly inhibit AKT and CK2 as a valuable therapeutic approach in cancer therapy.
